Lateral distribution of P-wave velocity in Kirishima volcanic region, South Kyushu, is studied assuming a model consisting of a uniform half space and a superficial layer, which is vertically uniform, but horizontally heterogeneous.
The reciprocal of velocity in the layer is expressed by a double Fourier series, and the coefficients are determined using the arrival time data observed at the stations belonging to Kirishima Volcano Observatory. Using the coefficients thus obtained P-wave velocity is synthesized, and the result is summarized as follows:
1) The velocity of the area lying NNW of Kirishima volcanic zone is low compared with the volcanic area itself.
2) Kakuto Basin, situated about 10km NNW of the volcanic area, shows specially low velocity.
3) Except in Kakuto Basin the velocity distribution seems not to be related to any of the Bouguer anomaly, surface geology, or topography. 4) Equal velocity contours run in NW-SE and NNE-SSW directions, which harmonize with the trends of fault series.
The above feature of distribution seems to reflect the inner structure successfully, and also the validity of the method of a double Fourier series for determining the velocity distribution of body waves in the layer.
Studies on the underground structure of Japan islands using seismic observation data have been carried out for many years, utilizing both body waves (e.g., ASANO and ASADA, 1967) and surface waves (KANAMORI, 1963; KAMINUMA, 1966) . When the body wave velocity is discussed artificial earthquakes are more often employed (R.G.E.S., 1951) than natural earthquakes.
In south Kyushu area, a series of explosion seismic survey was performed and the P-wave structure was elucidated by ONO et al. (1978) . The Kirishima volcanic zone, which is the subject of the present paper, was once studied by MINAKAMI et al. (1969a) using natural earthquakes, and by MIYAZAKI et al. (1978) using both natural and artificial earthquakes. In these studies the under-33 ground structure is always assumed in advance, such as parallel layers or tapering layers. These assumptions, however, are certainly unsatisfactory, because surface geology is by no means uniform, but often varies horizontally. Surface zoning by SANTO and SATO (1966) is an attempt to solve this problem of lateral heterogeneity by using surface waves.
With regard to the body wave velocities, a number of authors (AKI et al., 1976 (AKI et al., , 1977 SAKATA and OKADA, 1980; ELLSWORTH and KOYANAGI, 1977 ) assumed a three-dimensional block model, as shown in Fig. 1(a) ; the velocity in one horizontal layer is nearly uniform, but has a small fluctuation in each block. In this method, however, there are two difficulties-one is technical and the other more essential. The technical difficulty arises from the fact that a three-dimensional model involves very many blocks whose velocities are unknowns, hence there are correspondingly many unknown quantities to be determined. Besides, the determination of the length of wave path in each block, which is a part of the threedimensional division, is not an easy task. The latter difficulty comes from the assumption of the structure of the model. Since we assume that the blocks in a layer have only a small velocity deviation from the mean value, if the calculated results do not conform to this assumption we can hardly accept them. Furthermore, the division into three-dimensional blocks is usually an arbitrary one, therefore we have to check if the manner of division of the blocks gives rise to any change in the result of velocity distribution or not. By SATO and SANTO (1969) another method was taken for the determination of the velocity distribution of Rayleigh waves all over the world; namely the velocity on the earth's surface was expressed by the spherical surface harmonics, and, using the coefficients which were determined by the method of least squares based on the data of Rayleigh wave travel time, the surface wave velocity was synthesized. In the present paper, however, a similar method using a double Fourier series is employed for the horizontal distribution of P-wave velocity in a limited small rectangular area.
For the study of body wave velocity in a large area of the earth's surface, a number of papers have been published using the data of travel time residuals (CLEARY and HALES, 1966; DOYLE and HALES, 1967; WICKENS and BUCHBINDER, 1980). These studies, however, employ methods similar to the time-term method in refraction shooting and are quite different from our present method of analysis.
Method of a Double Fourier Series
At first we assume a model which consists of a uniform half space and covering superficial layers. In each layer (k) the velocity is assumed to be a function of horizontal coordinates, and to fluctuate around a mean value, but is independent of the vertical coordinate, namely (1) There might be any number of layers, but in order to avoid unnecessary complication, only a single superficial layer is assumed here, as is illustrated in Fig In this expression the integrals on the right hand side can all be analytically calculated, therefore Eq. (2) is nothing but an observation equation for determining
For the actual calculation, attention must be paid to the wave path, since the waves travel not only in the surface layer, but also in the half space, which is assumed to be uniform in the present study.
Actual procedure
As is shown in Fig. 2 , the wave paths are classified into three kinds, namely: 1) Direct wave in the layer; Ray path (CS) is entirely in the superficial layer (Fig, 2 (1)).
2) Refracted wave when the source is in the layer; When the epicenter is far from the station, a refracted wave is observed. In this case a part of the ray path (BC in Fig. 2 ( 2)) is in the half space, hence the time over this part must be removed. The path from the origin to the layer boundary (OB) is also in the layer, but this path is rather far from the station, and is usually outside the area of the consideration of velocity distribution. Therefore the time over OB is estimated by the mean velocity in the layer and is subtracted from the travel time as above. When OB is not small such a data is excluded in order to avoid the error caused by a poor estimation over this part (cf., Sec. 2.2 7)). One advantage using only the path CS is that the errors with regard to the epicenter location and the origin time lead to no serious effect on the travel time over the range CS.
3) Refracted wave when the source is in the half space; The ray path in the half space (OC in Fig. 2 (3) ) can be determined and the time over this part is removed from the total travel time to obtain the time over CS.
Throughout these three cases the relation
2.2 Test of the method In order to check the validity of the method, various tests were carried out and the obtained results are briefly as follows: 1) If the surface layer is uniform and there is no error in the observation the answer comes out correctly.
2) If a low (high) velocity circular area is assumed in a uniform layer, the answer also shows a low (high) velocity zone corresponding to the employed data.
3) In the above cases if there is an area which is not covered by the ray paths, then small errors are amplified and a synthesized velocity for such an area shows poor precision. Figure 3 gives an example of such a case. Hatched parts correspond to areas of poor precision where there are no data. 4) Even if an area is covered by the ray paths, the precision is not always good if those paths are running only in one direction. Because the integration along those paths gives a similar result for various velocity distributions (See Fig. 4(a) ). In order to secure good precision an area has to be covered by ray paths in different directions as Fig. 4(b) . 5) Generally speaking the peripheral areas of the rectangle show poor precision compared with the inner part. This is probably caused by the periodicity of the Fourier series, and we cannot use those areas. 6) M and N, which determine the shortest wavelength, are closely connected with the precision of the results, and adequate values must be chosen. If M and N are increased a fine structure is expressed, though only at the expense of precision in the results. We have, therefore, to choose the rectangle for analysis and the values of M and N adequately, taking the location of stations and the distribution of epicenters into account. 7) Generally the focal depth is not determined so accurately as the epicenter location. If, therefore, the error of estimated focal depth has a large effect on velocity distribution it is fatal to the method itself. As a test of this effect we chose a group of earthquakes, 1/3 of which had very shallow foci above the sea level (cf., Fig. 2 ) and the others were normal. In Fig. 5(a) epicenters, stations, wave paths and the rectangle are shown, and Fig. 5(b) is the result of analysis of this data. Next we shifted the foci of these shallow shocks vertically and assuming them to be on the sea level, performed a similar calculation. The result is shown in Fig. 5(c) . The general feature of velocity distribution is not changed and the difference of velocity is mostly less than 0.1km/sec. Actually very shallow shocks above the sea level are only less than 10% of all the events, therefore we may conclude that the method is not much affected by the error of depth estimation.
8) From the analysis of two different rectangular areas, the velocity distribution for the overlapping part comes out nearly equally as is shown in Fig. 6 . Except the peripheral area and a number of blank parts, which are not covered by ray for which the analysis is performed.
Bold line is the wave path in the layer, while the broken line is not. 
Data
The seismic activity and the underground structure of Kirishima region have been studied mainly by the staff of the Kirishima Volcano Observatory, the University of Tokyo, (MINAKAMI et al., 1968 (MINAKAMI et al., , 1969a (MINAKAMI et al., , b, 1970 KAGOSHIMA DISTRICT METEOROLOGICAL OBSERVATORY, 1970; MIYAZAKI and SHIMOZURU, 1975; MIYAZAKI et al., 1969 MIYAZAKI et al., , 1976 MIYAZAKI et al., , 1978 MIYAZAKI and WATANABE, 1979) , and the data for the present study are the earthquakes observed over 5 years at the stations belonging to this observatory, from January 1975 to December 1979. At first, for the P-wave velocities, 4.3 and 6.1km/sec, which are the values actually used at Kirishima Volcano Observatory, were assumed for the layer and the half space respectively, and the focal parameters were newly determined. Epicenters are given in Fig. 7 together with the stations. Of the many earthquakes observed during the above period, those which do not satisfy the following conditions are rejected and only the remaining 823 earthquakes are adopted.
1) RMS value of (observed P-wave arrival time)-(calculated P-wave arrival time) is less than 0.2 sec.
2) Difference of the calculated origin time and that determined by Wadati diagram using P-S time is less than 1 sec.
3) Depth of the focus (below the sea level) is shallower than 19km. (The the analysis was carried out (cf., Sec. 4). Square, observation station; circle, epicenter.
layer boundary is assumed to be 5km below sea level. See Fig. 2 .) 4) When the direct wave is considered, the ray path connecting the origin and the station does not cross the ground surface.
By securing the precision of P-wave arrival time in this way, the parameters One observation of an earthquake at a station gives one observation equation and the number of total equations is 5,621. Once the coefficients are determined, the P-wave velocity distribution in the layer is calculated by Eq. (1), and the travel time based on this distribution is again calculated. If the difference between this value and the previously calculated P-wave travel time is more than 0.2 sec, this data is rejected and a similar process repeated.
Velocity Distribution in Kirishima Volcanic Area and the Vicinity
For obtaining a brief idea of the velocity distribution and to prepare for further analysis, a rather large area and long wavelength were employed and preliminary analysis was performed.
Kirishima volcanic area and the zone to the NNW of it
Volcanic area and the zone to the NNW of it seem to have different velocity distributions. The Kakuto Basin (Ka) area and to the north of it have a rather low velocity, while to the north of the volcanic area (S, K) it seems to show a little higher value. This high velocity belt extends from volcanic zone to the NW direction, and it is interesting to see that old andesite is also distributed in this area with the same direction of NW-SE (ARAMAKI, 1968).
Velocity distribution in Kakuto Basin and its vicinity
In order to investigate the velocity distribution around Kakuto Basin more precisely, the wavelength was shortened and the analysis was carried out using 708 earthquakes (4,945 wave paths). The basin between Kakuto and Kyomachi shows a value of 4.2km/sec or lower and this low velocity zone extends to the NW and SE directions. Low velocity area around Obeno (O) may be a continuation of the above zone. Shobuno area (Sb) also shows a low velocity.
4.3
Velocity distribution under the Kirishima volcanoes
In a limited area under the Kirishima volcanoes, areas D and E, analysis was carried out using shorter wavelengths, and similar distribution was found by these procedures. A relatively high velocity area exists around Shiratori-yama (S) and Koshiki-dake (K). A low velocity zone also exists covering Shinmoe-dake and Shishido-dake (Sh), One feature which is made clear in these analyses, is the trends of NNE-SSW and NW-SE which are ascertained by the velocity contours. The former Enclosure by broken line, say C, implies that the values inside are determined by the analysis using the rectangle C (cf., Sec. 4). Velocity contours 4.35 and 4.2km/sec (bold line) and 4.25km/sec (broken line) are drawn, which show two trends in NW-SE and NNE-SSW directions. H-N, line of Hinamori-dake, Ohata-ike, and Naka-dake; I, Iimori-yama; K, Koshiki-dake; Ka, Kakuto; Ky, Kyomachi;
is parallel to the line of Hinamori-dake, Ohata-ike, and Naka-dake (line H-N in Fig. 8 ). None of these distributions, however, coincide with the topography except in the Kakuto area.
5. Bouguer Anomaly, Geological Structure, and Velocity Distribution There seems to be little correlation between the velocity distribution and gravity or geology, and this is probably due to the difference of depths which influences the effect of gravity, geology, and the seismic wave velocity. In this region most of the ground surface is covered by igneous rocks, which determine the surface geology, while gravity is strongly influenced by the 6km/sec material which, in our case, lies beneath the superficial layer (HAGIWARA, 1978; KAKUTA, 1982) . Besides, in the consideration of the Bouguer anomaly, we cannot forget the relation between the wavelength of the underground structure and its effect observed upon the surface.
Bouguer anomaly
The Bouguer anomaly of Kirishima volcanic area was investigated by YOKO-YAMA (1974) and the general feature is shown in Fig. 9 . The velocity distribution in Fig. 8 hardly reflects any of the gravity distribution in Fig. 9 except in the area around Shobuno and Kakuto Basin. A negative value of the Bouguer anomaly exists a few kilometers south of the basin where the velocity is minimum (SEYA and OGAWA, 1971 ).
Geological structure
If we enclose the Kirishima volcanic area by an ellipse, the major axis runs in NW-SE direction. However, as has been pointed out by TANEDA (1977) there is another group distributed in NE-SW direction. Igneous rocks that constitute volcanoes would have come out along these two weak lines (SUZUKI, 1971) or fissure eruption might have occurred (HASE et al., 1972) along crushed zone (SHIBATA, 1968) . These two directions are nearly parallel to the prevailing directions of velocity contours, namely NW-SE and NNE-SSW, and this tendency is clearly seen in Fig. 8 . Under the Kirishima volcanic zone the Shimanto Supergroup is distributed, and its general strike is NE-SW in the Nobeoka belt (HASHI-MOTO, 1962 ) and NNE-SSW around the Kakuto area (OTA and SAWAMURA, 1971) .
Although the Kakuto Basin (Kakuto-Kyomachi) shows a low velocity, in view of the fact that the Kakuto group does not exist deep in the crust (ONO, 1971; ARAMAKI, 1968) , this zone is probably crushed by many faults, or relatively new sedimentary rocks exist covering the Shimanto Supergroup. Naturally, however, no unique solution can be obtained from the velocity distribution alone.
6. Summary P-wave velocity in Kirishima volcanic region and to the north of it was studied using the method of a double Fourier series. The result of analysis shows that 1) Compared with the volcanic region, the region NNW of it has a lower velocity.
2) Kakuto Basin shows a specially low velocity.
3) The velocity distribution thus obtained seems to have little correlation with any of the Bouguer anomaly, geology (mainly igneous rocks) or topography except in the Kakuto area. 4) A tendency is noticed that equal velocity contours run in the NW-SE and NNE-SSW directions which are consistent with the trend of fault series. 5) In view of the result of the above analysis the method of a double Fourier series is usable for the study on velocity distribution of body waves.
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